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A novel preconcentration method is presented for the
determination of Mo isotope ratios by multi-collector
inductively coupled plasma-mass spectrometry (MC-ICP-
MS) in geological samples. The method is based on the
separation of Mo by extraction chromatography using
N-benzoyl-N-phenylhydroxylamine (BPHA) supported on
a microporous acrylic ester polymeric resin (Amberlite
CG-71). By optimising the procedure, Mo could be simply
and effectively separated from virtually all matrix ele-
ments with a single pass through a small volume of BPHA
resin (0.5 ml). This technique for separation and enrich-
ment of Mo is characterised by high selectivity, column
efficiency and recovery (~ 100%), and low total proce-
dural blank (~ 0.18 ng). A 100Mo-97Mo double spike
was mixed with samples before digestion and column
separation, which enabled natural mass-dependent iso-
topic fractionation to be determined with a measurement
reproducibility of < 0.09‰ (d98/95Mo, 2s) by MC-ICP-
MS. The mean d98/95MoSRM 3134 (NIST SRM 3134 Mo
reference material; Lot No. 891307) composition of the
IAPSO seawater reference material measured in this study
was 2.00 ± 0.03‰ (2s, n = 3), which is consistent with
previously published values. The described procedure
facilitated efficient and rapid Mo isotopic determination
in various types of geological samples.
Keywords: molybdenum isotopes, N-benzoyl-N-
phenylhydroxylamine, extraction chromatography,
preconcentration, double spike, MC-ICP-MS.
Une nouvelle methode de pre-concentration est
presentee pour la determination des rapports isotopiques
du Mo par spectrometrie de masse a source plasma et
multi-collection (MC -ICP-MS) dans des echantillons
geologiques. La methode est basee sur la separation du
Mo par Chromatographie d’extraction en utilisant du N-
benzoyle-N- phenylhydroxylamine (BPHA) supporte par
une resine polymere d’ester acrylique microporeuse
(Amberlite CG- 71). En optimisant la procedure, le Mo
peut e^tre simplement et efficacement separe de la quasi-
totalite des elements de la matrice avec un seul passage
a travers un petit volume de resine BPHA (0,5 ml). Cette
technique de separation et d’enrichissement du Mo est
caracterisee par une grande selectivite, une grande
efficacite et une grande recuperation de la colonne
(~ 100%), et un faible total de la procedure de blanc
(~ 0,18 ng). Un double spike Mo100-Mo97 a ete
melange avec les echantillons avant la digestion et la
separation sur colonne, ce qui a permis la determination
du fractionnement isotopique naturel dependant de la
masse avec une reproductibilite de mesure de < 0,09 ‰
(d98/95Mo, 2s) par MC -ICP-MS. La composition moyenne
d98/95MoSRM3134 (materiau de reference NIST SRM
3134 Mo; Lot n ° 891307) de l’eau de mer de reference
IAPSO mesuree dans cette etude est de 2,00 ± 0,03 ‰
(2s, n = 3), ce qui est coherent avec les valeurs
precedemment publiees. La procedure decrite facilite une
determination efficace et rapide des rapports isotopiques
du Mo dans divers types d’echantillons geologiques.
Mots-clés : isotopes du molybdene, N-benzoyle-N-
phenylhydroxylamine, chromatographie d’extraction,
preconcentration, double spike, MC-ICP-MS.Received 09 Aug 13 – Accepted 25 Nov 13
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The recent advent of multi-collector inductively coupled
plasma-mass spectrometry (MC-ICP-MS) has generated
increasing interest in isotope fractionation studies of ‘non-
traditional’ isotope systems (e.g., Arnold et al. 2004a, b,
Bermin et al. 2006, Asael et al. 2007, Ripperger and
Rehk€amper 2007). Of particular interest is the highly redox-
sensitive behaviour of Mo that is accompanied by significant
isotope fractionation, which results in oxic, suboxic, anoxic
and euxinic sediments possessing isotopically distinct Mo
isotope compositions (e.g., Barling et al. 2001, Barling and
Anbar 2004, Siebert et al. 2003, 2006, Anbar 2004).
Consequently, variations in d98/95Mo can be used as a
palaeo-redox proxy to trace the expansion of reducing
marine conditions at a number of times throughout Earth’s
history (e.g., Arnold et al. 2004a, Siebert et al. 2005, Pearce
et al. 2008). The total range of d98/95Mo compositions
observed in terrestrial samples is ~ 7‰. d98/95Mo values
can be as low as -3.4‰ (Pearce et al. 2010), as found in
hydrothermal waters from Iceland and as high as +3.5‰ as
measured in suboxic sedimentary pore waters (McManus
et al. 2002).
Given that Mo isotope variations are likely to be on the
order of parts per thousand or smaller in magnitude, high-
precision analyses are required to quantify degrees of
fractionation and evaluate their origins. However, this
presents an analytical challenge because of the difficulties
in purifying Mo from potentially interfering ions in geological
samples. Moreover, incomplete recovery of Mo could lead to
significant isotope fractionation (Anbar et al. 2001, Siebert
et al. 2001, Pietruszka and Reznik 2008). A number of
methods have been developed for the separation and
purification of Mo from geological samples (e.g., Qi and
Masuda 1994, Anbar et al. 2001, Siebert et al. 2001,
Dauphas et al. 2001, Malinovsky et al. 2005, Pietruszka
et al. 2006, Pietruszka and Reznik 2008, Nakagawa et al.
2008, Pearce et al. 2009). Two-column ion-exchange
processes have generally been used for Mo separation
from geological samples. This method involves a two-stage
separation using an anion-exchange column for separation
of Zr and Mn from Mo followed by a cation-exchange
column for separation of Fe from Mo. Malinovsky et al.
(2005) proposed a single-stage column method using the
chelating resin Chelex 100. However, for some geological
samples, this method is not sufficiently effective in separating
Mo from the Fe and Zr. Thus, a second pass through the
same column is necessary in order to remove traces of Zr
and to reduce the concentration of Fe to an acceptable level
(Malinovsky et al. 2005). Recently, Pearce et al. (2009)
developed a single-pass anion-exchange separation
method for Mo and Re isotope and abundance determi-
nation by MC-ICP-MS from various types of geological
samples. Although all these separation and purification
methods have been successfully used for Mo isotope
determinations, they require relatively large elution volumes
and numerous evaporation/transfer steps, which increases
sample preparation time and potential blank levels.
Yang and Pin (2002) have described a method for
preconcentration of Zr, Hf, Nb and Ta in rock samples using
N-benzoyl-N-phenylhydroxylamine (BPHA) supported on a
microporous acrylic ester polymeric resin (Amberlite CG-71).
BPHA is relatively small in size, has abundant p electrons, is
stable in highly acidic solutions and acts as a superior ligand
for solvent extraction of group 4, 5 and 6 elements in the
periodic table, such as Nb, Ta, Zr, Hf, Ti, Mo and W (Caletka
and Krivan 1989, Goguel 1992, Yang and Pin 2002,
Shinotsuka and Suzuki 2007, Li et al. 2010). Amberlite CG-
71 resin possesses excellent chemical and physical stability
and can absorb large amounts of BPHA because it contains
relatively large numbers of active aromatic sites that allow
p–p interactions. BPHA extraction chromatographic resin has
high selectivity for the adsorption of tetra-, penta- and
hexavalent elements, whereas other matrix elements have
little affinity for the resin (Yang and Pin 2002).
This study reports the first utilisation of BPHA extraction
chromatographic resin for the preconcentration of Mo in
geological samples and for the determination of Mo isotopic
ratios by MC-ICP-MS. The chemical separation parameters
were systematically investigated and optimised. It was found
that Mo has very strong affinity to this resin even in 0.1 mol l-1
HF, and 6 mol l-1 HF was necessary to achieve quantitative
recovery of Mo. The key objective of this study was to develop
a chemical separation procedure for subsequent accurate
and precise determination of d98/95Mo and Mo concentra-
tions by 100Mo-97Mo double-spike MC-ICP-MS analysis. The
efficiency and widespread applicability of our technique is
demonstrated by replicate analyses of geological reference
materials and the IAPSO seawater reference material.
Experimental methods
Reagents and materials
The Johnson Matthey Specpure Mo plasma standard
solution (Lot No. 012773) and NIST SRM 3134 (Lot No.
891307) were used as the Mo isotopic reference materials.
A 97Mo-100Mo double spike was prepared as a mixture of
individual concentrated spike solutions of isotopically
enriched 97Mo (Batch 159791) and 100Mo (Batch
159992), which were purchased from the Oak Ridge
National Laboratory, USA. The compositions of the
97Mo-100Mo double spike and Mo reference solution were
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calibrated by doping with Pd using the method detailed by
Siebert et al. (2001) (for double-spike and standard
calibration results, see Table 1). BPHA (Analytical grade,
Aladdin Reagent Inc. China) and Amberchrom CG-71 (50–
100 lm particle size, Supelco Inc., USA) were used without
further purification. A synthetic multi-element solution with a
concentration of 1 lg ml-1 was prepared from AccuStan-
dard fluoride soluble elements (MISA 05-1), rare earth
metals (MISA 01-1), transition metals (MISA 06-1), alkaline
earth elements (MISA 04-1) and precious metals (MISA 02-1)
for use in optimising the column separation parameters. HCl,
HF and HNO3 were purified by DST-1000 sub-boiling
stills (Savillex Corporation, USA). Ultrapure water prepared
with a Milli-Q system (Millipore) was used to dilute all the
acids and is referred to asMilli-Qwater hereafter in this paper.
Preparation of BPHA resin
The BPHA resin column was prepared using procedures
modified from those described by Yang and Pin (2002).
Amberchrom CG-71 resin (5 g) was impregnated with
40 ml of 3% BPHA solution in ethanol rather than chloro-
form. The mixture was shaken at room temperature (25 °C)
for 2 hr to ensure complete saturation and was then stored
in a refrigerator without removing the ethanol prior to use.
This material is hereafter referred to as the BPHA resin.
Approximately 0.5 ml of BPHA resin (ca. 0.2 g, dry mass)
was packed in a Bio-Spin chromatography column (Bio-Rad
Laboratories Inc., USA).
Sample digestion and preparation
Sample preparation and all chemical separations and
evaporations were carried out in a clean environment (Class
1000). Approximately 40–70 mg of sample powder was
weighed accurately and combined with the 97Mo-100Mo
double spike in 15 ml PFA beakers. The beakers were then
placed on a hotplate at 120 °C along with ~ 6 ml of a 2:1
mixture of HF (22 mol l-1) and HNO3 (14 mol l-1). To
achieve total sample dissolution, the PFA beakers were
placed in an ultrasonic bath for 5 min at various intervals
during the dissolution period. After digestion and dryness at
120 °C, the samples were dissolved in 1 ml of concentrated
HCl and again evaporated to dryness. The residue was
redissolved in 2–4 ml of a mixture of 0.1 mol l-1 HF and
1 mol l-1 HCl, at which point it was ready for column
separation. A seawater sample (ca. 10 ml) was acidified with
1 ml of concentrated HCl, and the 97Mo-100Mo double spike
was then added. The spiked and acidified seawater solution
was then evaporated to dryness before being redissolved in
4 ml of 0.1 mol l-1 HF and 1 mol l-1 HCl.
Chemical separation
Prior to use, the BPHA resin column was washed with
6 ml of 6 mol l-1 HF and 1 mol l-1 HCl, and 4 ml of Milli-Q
water. Prior to sample loading, the column was conditioned
with 2 ml of 0.1 mol l-1 HF and 1 mol l-1 HCl. The chemical
separation steps and along with previously published
methods are outlined in Table 2. A 2 ml aliquot of the
sample solution was loaded onto the column, and the resin
was washed with 8 ml of 0.1 mol l-1 HF and 1 mol l-1 HCl.
This step effectively removed matrix and interfering elements
(Fe, Mn, Zr, Ru, Cu, Zn, Ni, etc.) from the sample. Finally, the
adsorbed Mo was eluted by passing in 8 ml of 6 mol l-1 HF
and 1 mol l-1 HCl. The Mo was collected in 15 ml PFA vials
and evaporated to dryness on a hot plate at 120 °C. Three
drops of concentrated HNO3 and H2O2 were added to the
evaporated Mo to decompose any organic residue.
Following this, 1 ml of 3% v/v HNO3 was added to the
Mo residue, after which the solution was ready for Mo
isotopic ratio measurement by MC-ICP-MS.
Mass spectrometry measurements
During the method development stage of this work, a
quadrupole ICP-MS (Thermo-Scientific Xseries-2) was used
in the conventional mode for semi-quantitative and quan-
titative elemental measurements. Typical operating
conditions for this instrument have been reported elsewhere
(Li et al. 2013).
Molybdenum isotopic ratios were determined on a
Thermo-Fisher Scientific Neptune Plus MC-ICP-MS at the
State Key Laboratory of Isotope Geochemistry, Guangzhou
Institute of Geochemistry (GIG), Chinese Academy of
Table 1.
Compositions of the 100Mo-97Mo double spike and NIST SRM 3134 Mo reference material
100Mo/97Mo 98Mo/97Mo 96Mo/97Mo 95Mo/97Mo 94Mo/97Mo 92Mo/97Mo
Double spike 0.979966 0.06174 0.027146 0.018081 0.009581 0.016851
2s (n = 10) 0.000075 0.000074 0.000057 0.000056 0.000031 0.000055
Standard solution 1.003817 2.523671 1.747802 1.671446 0.972042 1.564659
2s (n = 10) 0.000060 0.000171 0.000132 0.000127 0.000095 0.000113
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Sciences (CAS), Guangzhou, China. This instrument was
equipped with eight moveable Faraday collectors and one
fixed central collector, which were linked to amplifiers with
1011 Ω resistors. Samples and calibrator solutions were
introduced into the plasma through an Aridus II desolvating
sample-introduction system (CETAC Technologies, Omaha,
USA). This system removes water from the sample solutions
by passage through a desolvating membrane at 160 °C,
providing a ‘dry’ sample to the plasma, which increases
sensitivity by a factor of 5–10 over wet plasma sample-
introduction systems. The typical Mo sensitivity achieved was
180–200 V/lg ml-1. The operating conditions and Fara-
day collector configuration for the Neptune Plus instrument
are given in Table 3. Data for all samples and reference
samples were acquired in six blocks of ten ratios. Subse-
quently, these sixty ratios were filtered with a one-pass 2s
outlier removal test, and the mean value and standard error
(SE) were calculated. After each analysis, the sample was
sequentially washed from the system for 10 min using
solutions of 3% v/v HNO3, 0.2 mol l-1 HF plus 3% v/v
HNO3 and 3% v/v HNO3. The residual Mo signal was
typically < 1 mV, which is insignificant compared with the ion
beams measured during sample analysis.
Prior to starting an analytical session, the reference
solution (NIST SRM 3134) was typically analysed five times
to check the MC-ICP-MS performance. During an analytical
session, the reference solution was measured after each
batch of three samples. Correction for mass fractionation
during chemical separation as well as during mass spec-
trometry followed the double-spike deconvolution methods
described by Siebert et al. (2001).
Molybdenum isotopic ratios of all samples were norma-
lised to those of the NIST SRM 3134 Mo reference material
and expressed in conventional d notation:
d98=95Moð‰Þ ¼ ½ð98Mo=95MoÞsample=
ð98Mo=95MoÞSRM3134  1  1000 ð1Þ
Results and discussion
Adsorption capacity of BPHA resin
The adsorption capacity or maximum amount of Mo
adsorbed per gram of freshly synthesised BPHA resin was
determined. The adsorption capacity of the BPHA resin is
defined as the amount of metal ions that can be extracted
per unit mass under the optimised chemical separation
conditions. The method used here is based on that
recommended by Maquiera et al. (1994). Solutions
Table 2.
The BPHA extraction chromatographic column procedure for Mo purification chemistry, along with other
purification methods for comparison
Methods Resin Volume (ml) Step Volume (ml) Purpose
This study
BPHA resin 0.5
0.1 mol l-1 HF + 1 mol l-1 HCl 2 Condition
0.1 mol l-1 HF + 1 mol l-1 HCl 2–4 Load
0.1 mol l-1 HF + 1 mol l-1 HCl 8 Matrix removal
6 mol l-1 HF + 1 mol l-1 HCl 8 Collection of Mo
Two-column ion-exchange
(Pietruszka et al. 2006)
AG1X8 10
6 mol l-1 HCl 30 Condition
6 mol l-1 HCl 5 Loading
6 mol l-1 HCl 40 Matrix removal
0.1 mol l-1 HF +
0.01 mol l-1 HCl
40 Matrix removal
1 mol l-1 HCl 120 Collection of Mo
5 mol l-1 HNO3 50 Collection of Mo
AG 50WX8 3.5
1.4 mol l-1 HCl 20 Condition
1.4 mol l-1 HCl 10 Load and Collection of Mo
Single column
chelating resin
(Malinovsky et al. 2005) Chelex 100 3
0.3 mol l-1 HNO3 10 Condition
0.3 mol l-1 HNO3 12 Load
0.07 mol l-1 HCl 10 Matrix removal
0.1 mol l-1 HF 50 Matrix removal
6 mol l-1 NH3 12 Collection of Mo
Single column ion-exchange
(Pearce et al. 2009)
AG1X8 2
1 mol l-1 HF + 0.5 mol l-1 HCl 4 Condition
1 mol l-1 HF + 0.5 mol l-1 HCl 6–10 Load
1 mol l-1 HF + 0.5 mol l-1 HCl 10 Matrix removal
4 mol l-1 HCl 8 Matrix removal
3 mol l-1 HNO3 12 Collection of Mo
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containing 10 lg g-1 of Mo were passed through the
column continuously until a detectable signal of Mo was
observed in the eluent. The maximum volume (V) of solution
at concentration (c) and the amount of metal adsorbed on
the column were then calculated by Equation (2):
C = cV/W ð2Þ
where C is the adsorption capacity and W is the mass of the
BPHA resin. In this study, the adsorption capacity for Mo was
found to be 0.72 mg g-1. The resin exchange capacity was
reduced by ~ 40% after the resin had been used once.
However, the BPHA column could be refreshed by eluting a
3% BPHA solution in ethanol through it.
Optimisation of the chemical separation
procedure
The presence of fluorides has a strong negative effect on
the extraction of Zr, Hf, Nb, Ta, Mo and W by BPHA (Caletka
and Krivan 1989, Goguel 1992). We examined the effect of
HF concentration (0.1–8 mol l-1 HF) on the collection of Mo
by the BPHA resin column and found that Ti, Zr, Hf, Nb and
W were hardly retained on BPHA resin at low concentrations
of HF (0.1 mol l-1 HF), whereas the behaviours of Ta and
Mo on the resin were unaffected. This observation is
consistent with those of Goguel (1992), in that Mo and Ta
have a greater affinity for BPHA. Molybdenum and Ta were
gradually eluted from the column if the concentration of HF
was above 1 mol l-1 and were quantitatively stripped when
the HF concentration was > 5 mol l-1. The effect of HCl
concentration on the collection of Mo from the BPHA resin
column was also examined. In all the cases, from 0.5 to
4 mol l-1 HCl, Ti, Zr, Hf, Nb, Ta, W and Mo were completely
absorbed on the BPHA resin column, whereas other
elements passed straight through the column. In subsequent
experiments, Mo collection was carried out with 0.1 mol l-1
HF/1 mol l-1 HCl as matrix elements such as Ti, Nb, Zr, Hf
and W were not retained on the BPHA resin in this acid mix
and Mo could be adsorbed by a small resin volume. The
Mo adsorbed on the column was removed in 8 ml of
6 mol l-1 HF and 1 mol l-1 HCl. Figure 1 shows a typical
elution profile for Fe, Mn, Cr, Ti, Rb, Sr, La, Zr, Hf, Nb, Ta, Ru
and Mo. It is apparent that no Fe, Mn, Cr, Ru and rare earth
elements, as well as Ti, Zr, Hf, Nb and W, were extracted by
the BPHA resin in a 0.1 mol l-1 HF and 1 mol l-1 HCl acid
mixture. Only Ta was quantitatively extracted with Mo.
Isotopic fractionation during BPHA resin
chemical separation
It is widely recognised that Mo isotope fractionation can
result from incomplete Mo recovery during ion chromato-
graphic separation (e.g., Anbar et al. 2001, Siebert et al.
2001, Pietruszka and Reznik 2008). Isotopic fractionation
during chemical separation of Mo was examined using the
BPHA resin column as described by Pearce et al. (2009).
Solution aliquots of 2 ml containing 0.5429 lg ml-1 Mo in
0.1 mol l-1 HF and 1 mol l-1 HCl were prepared from the
NIST SRM 3134 Mo reference solution and passed through
the BPHA column. Three of these solutions had an appro-
priate amount of the 100Mo-97Mo double spike (the
97Mospike/97Mosample = ~ 3) added prior to separation
(‘spiked’), whereas the other three solutions had the spike
added afterwards (‘unspiked’). The ‘spiked’ and the ‘unspi-
ked’ solutions gave mean d98/95Mo values of
Table 3.
MC-ICP-MS operating conditions and Faraday collector configurations
Neptune
RF power 1165 W
Ar cooling gas flow rate 16.00 l min-1
Ar auxiliary gas flow rate 0.93 l min-1
Ar sample gas flow rate 0.91 l min-1
Sample cone Ni sampler cone
Skimmer cone Ni X-skimmer cone
Instrument resolution 400 (low)
Integration time 4.194 s
Idle time 3 s
Cup configuration L4
91Zr
L3
92Mo
L2
94Mo
L1
95Mo
C
96Mo
H1
97Mo
H2
98Mo
H3
99Ru
H4
100Mo
Aridus II
Sweep gas flow rate 3.45 l min-1
Nitrogen gas 0.05 l min-1
Spray chamber temperature 110 °C
Desolvator temperature 160 °C
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0.01 ± 0.05‰ (2s, n = 3) and 0.03 ± 0.02‰ (2s, n = 3),
respectively (Table 4). These determinations are indistin-
guishable within analytical uncertainty and are also the
same as the expected d98/95Mo composition (0.00 ±
0.09‰, Figure 2). Furthermore, quantitative recovery of Mo
from the column was confirmed by assessing the Mo yields
from each solution (Table 4). Measured Mo recoveries for
the ‘unspiked’ and ‘spiked’ solution were 98.9 ± 1.1% (2s,
n = 3) and 99.4 ± 0.7% (2s, n = 3), respectively. At this
good recovery rate, an isotope fractionation of Mo by BPHA
column separation is unlikely.
Matrix effect
Coexisting elements in solutions can interfere with Mo
isotopic ratio measurements and produce inaccurate results.
Although the BPHA resin column preconcentration method
effectively separated the matrix and interfering elements from
Mo, Ta was collected along with Mo (Figure 1). To test the
matrix effect from Ta, we measured Mo isotopic ratios on
NIST SRM 3134 Mo reference solutions doped with various
amounts of Ta (Figure 2). No significant change in mea-
sured d98/95Mo was found even at ratios of Ta/Mo = 100.
Ta/Mo ratios in most geological samples are ≤ 100, and, in
particular, sedimentary rocks are highly depleted in Ta. Thus,
we concluded that potential matrix effects from the presence
of Ta are insignificant. Isobaric interferences from elemental
and molecular ions in the solution may occur during Mo
isotopic ratio measurements. Zirconium interferes with 92Mo,
94Mo and 96Mo, and Ru interferes with 96Mo, 98Mo and
100Mo. Polyatomic ions such as 52Cr40Ar+, 55Mn40Ar+,
56Fe40Ar+, 60Ni40Ar+ and 80Se16O+ can also possibly
interfere with Mo isotopes. However, these interfering species
were completely removed from the separated Mo by BPHA
resin column, and concentrations of Zr, Cr, Mn, Fe, Ni and Se
in the Mo solution were very low (a few ng ml-1), and Ru was
not detected in the analyte solution by ICP-MS in the
separated Mo solution. Moreover, the Aridus II desolvating
sample-introduction system reduced these polyatomic ions to
negligible levels and, coupled with the efficiency of our Mo
separation procedures, this meant that our Mo isotope data
were unaffected by interference.
Precision and accuracy
The precision of our Mo isotope determination was
assessed by analysing spiked aliquots of two Mo standard
Re
co
ve
ry
 %
Figure 1. Elution profile for a
synthetic multi-element solution
from a BPHA resin column packed
with 0.5 ml resin. f(SL) = 2 ml of
0.1 mol l-1 HF and 1 mol l -1 HCl for
sample loading, f(mx) = 2 ml of
0.1 mol l-1 HF and 1 mol l -1 HCl for
matrix elution and f(Mox) = 2 ml of
6 mol l -1 HF and 1 mol l -1 HCl for
Mo elution.
Table 4.
d98/95Mo values and Mo concentrations obtained
for the BPHA column fractionation and Mo yield
tests
Unspiked
solution
Spiked
solution
d98/95MoSRM 3134 (‰)
Solution 1 0.00 ± 0.07 0.04 ± 0.08
Solution 2 0.03 ± 0.08 -0.01 ± 0.06
Solution 3 0.02 ± 0.07 -0.01 ± 0.05
Mean (2s) 0.02 ± 0.03 0.01 ± 0.06
Mo concentration (lg ml-1)
Solution 1 0.5402 0.5419
Solution 1 0.5342 0.5389
Solution 1 0.5365 0.5385
Mean 0.5369 0.5398
Stock solution 0.5429 0.5429
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solutions: NIST SRM 3134 and the Johnson Matthey
Specpure Mo plasma standard solution (JMC). It should
be noted that the lack of a commonly used Mo isotopic
measurement standard means that the reference materials
used by different laboratories appear to be isotopically
different at the level of ~ 0.2‰. Recently, Wen et al. (2010)
and Goldberg et al. (2013) recommend that NIST SRM
3134 should be used as the universal reference material for
reporting Mo isotopic composition of natural samples. Here,
we adopt NIST SRM 3134 as the measurement standard
and compare our d98/95MoSRM 3134 values with previously
reported values (Figure 3). The average d98/95MoSRM 3134
for NIST SRM 3134 and JMC were 0.00 ± 0.09‰ (2s,
n = 21) and -0.20 ± 0.06‰ (2s, n = 14), respectively. The
accuracy of our Mo isotope determination was also
assessed by analysing the IAPSO Atlantic seawater. The
measured d98/95MoSRM 3134 value of IAPSO was
2.00 ± 0.03‰ (Table 5), which is comparable to the value
reported by Greber et al. (2012).
Application to geological materials
The applicability of our technique for analysis of natural
samples was assessed by replicate analysis of three different
types of reference samples: offshore marine sediment
GBW07316, the USGS basalt BHVO-2 and IAPSO Atlantic
seawater (Table 5).
The average d98/95MoSRM 3134 value determined for
the BHVO-2 (n = 3) was -0.05 ± 0.11‰ (2s) with individ-
ual analyses varying from -0.11‰ to +0.01‰. This mean
value for BHVO-2 is similar to values reported for this RM by
Pearce et al. (2009) and also falls within the range of other
igneous rocks (Siebert et al. 2003). The average Mo
concentration determined for this basalt was
3.9 ± 2.3 lg g-1 (2s) with individual analyses varying from
2.84 to 5.15 lg g-1. Our average Mo abundance for
BHVO-2 was identical to the value reported by Hu and Gao
(2008). We note that the measured d98/95MoSRM 3134
values for BHVO-2 were positively correlated with Mo
abundances, which suggests that the inhomogeneous
distribution of minor magmatic sulfides is responsible for
these covariations (Voegelin et al. 2012). The mean d98/
95MoSRM 3134 composition of the analysed GBW07316
offshore marine sediment reference material was
-0.60 ± 0.10‰, which falls within the range of Mo isotope
values obtained for pelagic clays and Fe-Mn crust (Siebert
et al. 2003). However, it should be noted that the d98/95Mo
composition of such samples can vary considerably depend-
ing on palaeo-redox conditions (Siebert et al. 2003). The
measured Mo concentration for the GBW07316 was
5.32 ± 0.42 lg g-1 (2s), which is consistent with the refer-
ence value for this RM when analytical uncertainties are
considered. The measured d98/95MoSRM 3134 value of
seawater obtained by analysis of IAPSO was
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Figure 2. Plot of d98/95Mo
measurements for one session. The
d98/95Mo values were normalised
to the mean RM value of the session.
Error bars are the measurement
repeatability (2SE, standard error),
and the measurement
reproducibility is represented by
the grey band (2s, standard
deviation).
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2.00 ± 0.03‰, which is similar to the value reported by
Greber et al. (2012). The concentration of Mo in IAPSO was
0.010 lg g-1, which is also indistinguishable from previously
studies (e.g., Siebert et al. 2003, Nakagawa et al. 2008,
Pearce et al. 2009, Greber et al. 2012).
In summary, these results confirm that our analytical
procedure is suitable for precise and accurate determination
of Mo isotopic composition and Mo abundances in a wide
range of geological materials.
Total procedural blanks
The procedural blank was determined using exactly the
same methods applied to the natural samples. Total proce-
dural blanks varied from 0.14 ng to 0.21 ng
(mean = 0.18 ± 0.06 ng; 2s, n = 3). Our total procedural
blanks were considerably lower than those reported for other
Mo chemical separation procedures (i.e., 0.5–47 ng; e.g.,
Siebert et al. 2001, Nakagawa et al. 2008, Pearce et al.
2009, Voegelin et al. 2012, Goldberg et al. 2013), due to
the relatively small volume of resin and acids used by our
method. The total Mo blank contribution never amounted to
> 0.3% of the sample Mo and, as such, had no effect on the
measured Mo isotope composition of the samples.
Conclusions
A new method using BPHA extraction chromatography
and MC-ICP-MS for the determination of Mo isotopic
compositions in geological materials has been developed.
The method has excellent selectivity and efficiency. This
single-pass technique is relatively straightforward and has
~ 100% Mo recovery, which ensures that Mo isotope
fractionation does not occur during chemical separation of
Mo. The small volume of the resin (0.5 ml) and eluates
(< 20 ml) required resulted in very low total procedural
blanks (~ 0.18 ng). The BPHA method thus offers significant
analytical advantages over some of the other chemical
procedures that are currently used for Mo separation and
isotope determination. However, a disadvantage of our
method is the relatively large volumes of HF used and the
highly toxic and corrosive nature of even dilute HF acid.
Multiple analyses of marine sediment reference material
GBW07316, basalt reference material BHVO-2 and IAPSO
seawater salinity reference materials demonstrated that this
new analytical procedure could be reliably applied to a
wide range of geological materials.
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